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ABSLRACT

The Cassini spacecraft is being developed for amission to investigate Saturn and its rings, satellites
and magnetoshpere. The spacecraft will be powered by three Radioisotope Thermoelectric
Generators (RTG, see Fig. 1). The utilization of the RTG waste heat as a mgjor heat source for
thermal control of the Propulsion Module Subsystem (PMS) is an innovation that has never been
attempted before, neither for Galileo nor for Ulysses, Since the flight RT'Gs (with nuclear fuels) will
not be involved in any thermal testing for safety considerations, adequate simulators must be used as
asubstitute. } Recent thermal development test has demonstrated that the RTGs can provide more
heat than necessary to warm the PMS, and that the RT'G end dome temperature is critical in
determining the amount of heat entering the PMS cavity (a large MI.1 blanket drapes over the
propellant tanks forming the cavity) . However, analysis indicated that there was a large discrepancy
between the “flight RTG” thermal model predictions and the test results based on an existing RTG
simulator, especially with regard to the end dome temperatur es. This raises two important questions:
(1) Arethe existing RTG simulators adequate for verifying the PMS thermal design in the spacecraft
solar-thermal-vacuum (STV) test? (2) 1sthe existing RTG thermal (SINIDA) model adequate as an
analytical tool for test-data interpretation and decision making?

Serious consideration of these questions//i;\;ere made even more compelling by the fact that there now
exist rather tight propellant tank temperature rachet requirements following the pressure regulator
lockup after launch. Work was done which indicat ¢'that modifications on the RTG simulator
hardware and the analytical thermal model are both necessary:

(a) Flight data from Galileo and Ulysses (missions to explore Jupiter and the sun, respectively), as
well as past ground-test data were reviewed; there has only been one validation case performed for
the analytical model, and without due attention to the end dome. Uncertainty with regard to the
predicted end dome temperature appears great and needs to be quantified.
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contract with the National Aeronautics and Space Administration. '1*he abstract is submitted to
the 31st ATAA Thermophysics Conference, to be held in New Orleans, LA, on June 18-20, 1996.
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(b) The RTG simulator shell is more than four times thicker than the flight unit, and the simulator
interior is hollow whereas the flight unit is filled with heat source modules. Therefore, the existing
simulator appears to afford a rather poor representation of both the conduction and radiation paths
between the shell and the end dome.

(c) Solution approaches identified include an independent validation of the analytical model with past
test data, appropriate modifications to the smulator hardware, test verification of the modifications,
and a sengitivity analysis of the PMS temperature rachet scenario considering a suitably-determined
end dome temperature uncertainty band.

Validation of the Flight RTG Analytical Thermal Model

The analytical therma model for the flight RTG, developed by a contractor, has been relied upon as
the sole guide with its analytical predictions for judging the RTG thermal behavior. The model was
correlated once in 1988 by the cent ractor with the only set of vacuum test data available from the
Engineering Unit. However, as a close scrutiny reveals, the previously correlated model (due to
focus on power performance) under-predicts the end dome temperature by 10°C, over-predicts the
flange temperature by 9°C, and over-predicts the mid-shell temperature by 14“C, as compared with
test data. The model was found deficient in two important areas, i.e., the underestimate of radiative
coupling between the end dome and the heat source support assembly, and the absence of radiative
coupling between the dome/shell flanges and space. Each deficiency, when corrected, led to a
substantial temperature change, Other modifications, less significant in comparison, were also made.
The final validated model brings the end dome and flange temperature predictions to within 2°C of
the test data, and results in a doubling of the radiative heat transfer from the RTG heat source support
assemblies to the end domes.

More significantly, when the RTG is coupled to the interface ring, the support box and the spacecraft

central body, the combined model predicts an inboard end dome temperature of 194°C after the
validation, as opposed to 169°C before. This 25°C increase in the end dome temperature has a .
considerable impact on the amount of RTG heat entering the PM S cavity. Since no flight data are
available now for the end dome temperature, effort is being made to acquire in-vacuum measurement
during the upcoming qualification tests for the fucled flight units F5 and ¥2. These measurements

will help to narrow down the end dome temperature uncer tainty.

M odification of the RTG Simulator Hardware

The existing simulator was constructed to serve as both a thermal and structural mockup, hence
containing expedient compromises. With the validated therimal model providing analytical guidance,
the RTG simulator analytical model is examined, modified as necessary, and exercised to help
determine the hardware modifications that are required to make the simulator better represent the
RTG flight unit during the STV test. The poor representation of the conduction and radiation paths
between the shell and end dome mentioned above will be specifically improved upon during hardware
modification. The simulators have been constructed with 16 strip heaters held down with stainless




steel straps, and the contact conductances between the shell and the heaters, and between the heaters
and the straps, are a major empirical unknown, Analytical pr ediction and test data correlation iterates
are relied upon to arrive at appropriate conductance vaues, Pragmatic solutions may involve varied
emissivity patterns on the interior of the end domes, or other hardware implements, with
guantification of the uncertainty band for the end dome temperature for use in the PMS design
sengitivity analysis, This is an on-going effort and the resulting modifications to the simulators will
be verified by a therma vacuum test.

Verification Test for the Modified RTG Simulator

The planned test is intended to: (a) Verify the adequacy of the modified RTG simulator for use in
the STV test. (b) Obtain data on end dome temperatur e uncertainty that will permit a prudent
analysis of the PM S thermal control design particularly with regard to meeting the propellant tank
temperature rachet requirements following the pressure regulator lockup.

This paper will report on the analytical model validation; the end dome temperature data from
thermal-vacuum qualification test of the flight RTG unit F5, and other pertinent RTG flight data; the
smulator hardware modifications; and the thermal vacuum verification test results for the modified

simulator.

Several figures are attached to illustrate the scope and progress of this work. Fig. 1 shows the
Cassini spacecraft and the R1'Gs. Fig. 2 provides a schematic of key RTG elements, revealing the
complexity of the RTGs. Fig, 3 illustrates how the RTG heat is radiated and conducted into the PMS
cavity. Fig. 4 presents the RTG thermal model node map, Figs. 5-13 present results of the analytical
model validation runs (will be condensed for the paper), And Fig, 14summarizes the good agreement
obtained between the validated model predictions and past test data. Figures pertaining to the
upcoming tests will also be included in the paper.
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Fig.  The Cassini Spacecraft and the RTGs
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Fig, 2 Schematic of RTG Elements
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Figurel - RTG Thermal Model Node Map
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NOTE: The temperatures presented in Figs. 8<#6 arein ‘C and correspond
to nodes as defined in the thermal model node map (R?.>]
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Fig. \& Results of Run # 1. Duplicating the “Baseline Predictions’
y
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Fig.™X Results of Run # 2: Adding Flange-to-Space Radiative Coupling
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Fig. M Results of Run #3: Deleting Lumped Conductance Between

End Domes and Heat Source Support Assemblies
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Fig. "N Results of Run #4: Increasing Contact Conductance Between
the Shell Flange and Dome Flange

OUT BOARD INBOARD

216.49 488.40 938.19 1064.52 938.99 492.42 216.81
582.02 666.79 582.39

212.01 212.24 225.85 269.06 225.79 211.67 211.49
211.68 269.42 { 211.63
204.45 239.60 204 .40
175.40 200.35 175.36

Fig. W Results of Run #5: Adding Radiative Coupling Between
End Domes and Heat Source Support Assemblies
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Fig. T Results of Run #6: Reducing Conductance Between
Nodes 2 and21, and Nodes 12 and 31
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Fig. N4 Results of Run #7: Including Radiative Coupling Between the’

Mid-ring and Space
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Fig. 45 Results of Run #8: Adding Shell-to-Fin Radiative Coupling
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Fig. M& Results of Run #9: Fine-tuning Radiative Coupling Between
End Domes and Heat Source Support Assemblies

-- “Validated Model Predictions’




Note: AU temperatures are in ‘C, Predictions by the validated 26-node model are bracketed <...>.
All other temperatures are test data from the Engineering Unit.
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Fig. "7 RTG Engineering Unit Test Data vs. Predictions by the Validated 26-Node Model



